Abstract The gel-forming mucins are large and heavily O-glycosylated proteins which build up mucus gels. The recombinant production of full-length gel-forming mucins has not been possible to date. In order to study mucin biosynthesis and biochemistry, we and others have taken the alternative approach of constructing different recombinant proteins consisting of one or several domains of these large proteins and expressing them separately in different cell lines. Using this approach, we have determined that MUC2, the intestinal gel-forming mucin, dimerizes via its C-terminal cysteine-knot domain and also trimerizes via one of the N-terminal von Willebrand D domains. Both of these interactions are disulfide bond mediated. Via this assembly, a molecular network is built by which the mucus gel is formed. Here we discuss not only the functional understanding obtained from studies of the recombinant proteins, but also highlight the difficulties encountered when these proteins were produced recombinantly. We often found an accumulation of the proteins in the ER and consequently no secretion. This was especially apparent when the cysteine-rich domains of the N-and C-terminal parts of the mucins were expressed. Other proteins that we constructed were either not secreted or not expressed at all. Despite these problems, the knowledge of mucin biosynthesis and assembly has advanced considerably through the studies of these recombinant proteins.
airways together with MUC5B [2] . This mucin is in addition present in the saliva. MUC5AC, MUC5B, and MUC6 are also all found in cervical secretions with MUC5B being the most abundant [4] . A fifth human gel-forming mucin gene, MUC19, was more recently described [5] . MUC19 is the human ortholog of the porcine sub-maxillary mucin (PSM), but the expression of the MUC19 protein has not yet been proven.
The four main human gel-forming mucins, MUC2, MUC5AC, MUC5B, and MUC6, have highly similar domain organizations (Fig. 1a) . Their N-and C-terminal domains, which flank the large, central O-glycosylated mucin domains, are involved in the assembly of the polymeric molecules that build up the mucus gels (Fig. 1b) . The N-and C-terminal parts contain several conserved von Willebrand D (VWD)-domains which commonly have more than 1 cysteine per 10 amino acid residues. There are three full and one partial VWD-domain (VWD1, VWD2, VWD', and VWD3) in the N-terminal part of MUC2, MUC5AC, MUC5B, and MUC6, and an additional VWD-domain (VWD4) in the C-terminal region of all but MUC6. All four gel-forming mucins have a cysteine-knot (CK) domain in their far C-termini (Fig. 1a) . One striking difference between the gel-forming mucins is the number of short cysteine-rich domains (CysD) which are interspersed within the large PTS domains. There are two CysD domains in MUC2, but more than nine in MUC5AC (the exact number is unknown, as this gene is not fully sequenced) and seven in MUC5B [2] . MUC6 does not, in contrast, have any CysD domains (Fig. 1a) . Gel-forming mucins also exist in other mammals and contain similar domain structures to those described above for the human mucins [1] .
Mucin O-glycosylation
An important characteristic of mucins is the presence of numerous O-glycans that are attached to the serines and threonines in the PTS domains. The high density of these often branched oligosaccharides gives the mucin domains their extended structure and will bind water molecules to give the mucins their viscous properties. The specific structure of the O-glycans of both gel-forming and transmembrane mucins is the result of the action of the specific glycosyltransferases that are expressed in the Golgi apparatus of the mucin-producing cell. The glycosylation of mucins varies between different tissues and has also been shown to be changed during malignant transformation, as is best known for MUC1 in breast cancer [6] . The structure of the O-glycans in different cancer types is often determined by LC-MS and LC-MS/MS of released oligosaccharides, and it can sometimes be difficult to obtain enough tumor tissue to allow a full analysis and characterization of the glycans. Therefore, these investigations have, in some cases, been performed using recombinant mucin domains that have been over-expressed in cancer cell lines, in order to get more protein materials from which the glycans could be released for analysis [7] [8] [9] . It is also possible to produce mucin domain-containing recombinant proteins with a specific glycosylation pattern, for example, for functional studies, through the use of different producer cell lines. Examples are wild-type Chinese Hamster Ovary (CHO) K1 [8] or its corresponding mutant cells Lec3.2.8.1 or ldlD [10] or cells transfected with specific glycosyltransferases, for example, sialyltransferases [11] or fucosyltransferases [12] .
Recombinant Production of Gel-Forming Mucins
To understand the biosynthesis and biochemistry of the gel-forming mucins, we and others have worked with the expression of different domains of the mucins as recombinant proteins. So far no complete gel-forming mucin, with both the N-and C-terminal cysteine-rich domains and an O-glycosylated mucin domain in between, has been produced recombinantly in any quantity, despite the attempts that have been made in several labs. There are several possible explanations why this has been difficult, the main reasons most likely being the size, complex biosynthesis, and assembly of these molecules into polymers. The mucins are extremely large proteins. For example, the primary sequence of MUC2 consists of approximately 5,200 amino acids (Fig. 1a) leading to protein which has a theoretical mass of 500 kDa. The newly formed polypeptide chain, with its co-translationally added N-glycans, is assembled into dimeric complexes in the ER leading to a glycosylated dimer of about 1.2 MDa. This is followed by extensive O-glycosylation and further multimerization in the Golgi into molecular complexes larger than 100 MDa (Fig. 1b) . Proteins of this size are challenging to work with and analyze, but they are also difficult for the cells to produce. In the intestine, MUC2 is produced by specialized goblet cells, and it is clear that there are special features of these cells that are important for their mucin production. Unfortunately, there are no appropriate goblet-like cell lines that can be used for an efficient production of recombinant mucins. There are, however, some epithelial cell lines which produce endogenous mucins. The colon carcinoma cell line LS 174T, for example, makes mainly MUC2, and the colonic carcinoma cell line HT29 makes MUC5AC together with some MUC2. These cell lines could potentially be used for the over-expression of recombinant mucins, but they have other drawbacks. The fact that they are difficult to transfect can probably be overcome, but they will also form covalently mixed products of endogenous and recombinant mucins, and this limits their use considerably.
The cellular machinery of the specialized mucin-producing goblet cells is well adapted for producing these large molecules and assembling them in the correct way. This most likely includes particular ER chaperones and protein disulfide isomerases that assist in protein folding and the formation of the numerous disulfide bonds. One specific example for mucins is the helper protein AGR2 which is necessary for MUC2 to exit the ER, as the lack of AGR2 leads to accumulation of mis-folded MUC2 in the ER [13] . The mucin-producing cells also have a secretory machinery that stores the newly synthesized mucins in regulated secretory vesicles before they are released upon stimulation. The cell lines more commonly used for the production of other recombinant proteins, like CHO and COS cells, may lack specific components or have them in insufficient amounts, for correct folding, assembly, storage, and secretion of full-length mucins. They are therefore not ideal for the purpose of the expression of these molecules.
As it has not been possible to produce full-length mucins, and in order to study the functional properties of individual protein domains, many studies have focused on shorter protein constructs. This has led to an increased knowledge about the roles of both the N-terminal and C-terminal cysteine-rich parts, and also the CysD domains, in mucin biosynthesis and assembly, which are discussed in more detail below.
C-terminal Cysteine-Rich Domains
The C-terminal cysteine-rich domains of MUC2 have been produced recombinantly as a fusion protein with a myc-tag and enhanced green fluorescent protein (GFP). Both tags were located N-terminally to the VWD4 domain, and the protein was termed MG-MUC2C (where M = myc and G = GFP) [14] . The generation of stable CHO K1 clones that secreted this fusion protein was not simple, but was facilitated by the green fluorescence that could be used to identify the transfected cells. During the generation of clones producing MG-MUC2C, we observed that lower levels of intracellular green fluorescence, indicative of lower expression levels, led to a secretion of the MG-MUC2C protein (Fig. 2a) . Cells with a high expression of MG-MUC2C showed large green fluorescent aggregates, indicating that the ER was over-loaded with mis-folded mucins (Fig. 2b) . Consequently, secretion of MG-MUC2C was undetectable from these cells. In some clones, secretion of MG-MUC2C increased over time, as the expression levels decreased. This phenomenon is probably explained by the very high abundance of cysteine residues (there are more than 80 cysteines in MG-MUC2C) that need to form correct disulfide bonds before they are allowed to exit the ER. During the screening of clones, we actively selected those with low levels of intracellular green fluorescence. Thereafter we screened these clones for secretion of the MG-MUC2C protein by Western blot. This approach was subsequently also used for CHO K1 cell clone generation protocols for the N-terminal MUC2 and MUC5AC constructs. This inverse correlation between intracellular protein levels and amounts of secreted protein is worthy of consideration when establishing clones for the production of secreted proteins.
CHO K1 clones that secreted the C-terminal cysteine-rich domains of MUC5AC have also been generated. In this case, the protein was produced with an N-terminal myc-and a C-terminal His-tag (M-MUC5AC-CH [15] ). Selected clones secreting either MG-MUC2C or M-MUC5AC-CH were then cultured for the collection and purification of both these proteins. It was found that the C-terminal cysteine-rich parts of both MUC2 and MUC5AC formed disulfide-linked covalent dimeric complexes in the ER of CHO K1 cells [14, 15] . These dimers were correctly folded and this allowed ER exit followed by a constitutive secretion. The dimerization occurred via the CK domain at the far C-terminal end. This has also been shown for rat Muc2 using constructs expressed in COS cells, containing either the full C-terminal section or only the last C-terminal 115 amino acids [16, 17] . A construct containing the last 90 residues of PSM, including the CK domain, was also sufficient for the formation of dimers when expressed in COS cells [18] . Dimerization in the C-terminal CK domain was also shown for MUC6 when the whole C-terminal cysteine-rich section of the protein was produced recombinantly in three different cancer cell lines [19] . It can therefore be concluded that the disulfide-linked dimerization in the ER via the C-terminal CK domain is a common theme for all gel-forming mucins and that this process functions in many cell types.
During the purification of the MG-MUC2C protein, it was found that prolonged incubation at pH \ 6 resulted in a specific cleavage of the protein into two smaller fragments. The cleavage site was located between the aspartic acid and proline in a GDPH sequence in the VWD4 domain. The cleavage occurred via a pH-dependent autocatalytic mechanism [20] . This cleavage generates a new reactive C-terminus that is potentially involved in cross-linking MUC2 to itself or to other molecules. This is likely of biological importance as the pH in the late secretory pathway is below six, and the cleavage and chemical cross-linking most likely occurs also in vivo. The same GDPH sequence is present in the VWD4 domain of MUC5AC. When the M-MUC5AC-CH protein was expressed in CHO K1 cells, this protein was also found to be auto-catalytically cleaved at this site. In MUC5AC, however, the cleavage was not dependent on low pH as it occurred at a neutral pH, as found in the ER, although it was accelerated by a reduction of the pH [15] .
An additional observation from the studies of MG-MUC2C is that when expressed in the colonic cell line LS 174T, the molecule formed heterodimers with the endogenous, full-length MUC2 that was stored in the regulated secretory vesicles of these cells. It was, however, also constitutively secreted, but then as homodimers [14] . As MG-MUC2C, but not the endogenous MUC2 was secreted from LS 174T cells, one can conclude that the information for targeting MUC2 to the regulated secretory vesicles does not reside within the C-terminal domains that are present in MG-MUC2-C.
N-terminal Cysteine-Rich Domains
The MUC2 N-terminal VWD1, VWD2, VWD', and VWD3 domains have also been produced as a fusion protein with myc and GFP (MUC2N-MG). Transfection of CHO K1 cells gave rise to a secreted protein that migrated at 250 kDa in SDS gel electrophoresis after reduction of its disulfide bonds [21] (Fig. 3) . During the process of selecting cell clones producing MUC2N-MG, we observed several clones that showed large intracellular aggregates of the GFP fusion protein, just as was found in some CHO K1 clones expressing MG-MUC2C (Fig. 2) . We finally managed to establish CHO K1 clones that secreted some MUC2N-MG that could be collected and purified for further studies. When analyzed under reducing and nonreducing conditions, it was found that this protein formed disulfide bond stabilized oligomers [21] and that this oligomerization occurred in the late Golgi. Due to their large size, it was difficult to determine their exact size and the number of subunits that formed the oligomer. After trypsin-cleavage of the oligomer, a trypsin-resistant core fragment was found, which contained parts of the VWD3 domain. Analysis of this smaller oligomer led to the conclusion that the oligomers had a trimeric structure [21] . This is in contrast to the VWF, whose VWD3 domain forms dimeric complexes, also in the late Golgi. An intramolecular disulfide bond between VWD1D2 and VWD3 prevents the formation of these disulfide-bonded dimers earlier during its biosynthesis in the ER [22] . A similar mechanism probably also exists in MUC2, as the MUC2 VWD3 domain alone, when produced as a shorter recombinant protein without the VWD1D2 domains, trimerizes in the ER (unpublished data). The difference in oligomerization between VWF and MUC2, in that they dimerize and trimerize, respectively, is important for the final oligomeric structures of these proteins. VWF is a linear thread-like molecule, and MUC2, on the contrary, builds up nets or flat sheets [3] . The N-terminal cysteine-rich sections of PSM have been expressed in COS cells and were also suggested to form trimers [23] . Recently, a recombinant MUC6 N-terminal protein was produced in different cancer cell lines [19] . The oligomeric form of this protein may be interpreted as larger than a dimeric complex, but again, due to its large size, it was difficult to conclude as to the number of subunits in the complex.
We have for some time attempted to produce the N-terminal cysteine-rich domains of MUC5AC, either alone or as a fusion protein with both a myc-tag and GFP in order to elucidate its oligomeric nature. When expressed in CHO K1 cells, the MUC5AC N-terminal protein MUC5ACN-MG was not secreted and was most likely retained within the ER (Fig. 3) . The reason as to why MUC5ACN-MG is not secreted from the cell in contrast to the corresponding proteins from MUC2 and MUC6 is not obvious. This illustrates the difficulties in designing recombinant proteins when the domain borders are not fully known. It is possible that some parts of the MUC5AC protein that are important for folding or disulfide bond formation have been removed in the recombinant protein. It is also possible, and even very likely, that the CHO K1 cells do not express all the required co-factors or chaperones for the folding of the MUC5AC N-terminal domains as discussed above.
CysD Domains
The CysD domain is a small domain consisting of only 110 amino acid residues. It contains 10 cysteines that are involved in intramolecular disulfide bonds. CysD domains are interspersed within the O-glycosylated mucin domains in the MUC2, MUC5AC, and MUC5B mucins. The function of the CysD domains is unknown. Their biochemical properties have made recombinant production difficult. However, a fusion protein between the second MUC2 CysD domain and the Fc section of a mouse immunoglobulin (Ig Fc) led to the successful production of the CysD domain in CHO K1 cells. After cleaving off the Ig Fc part using a built-in enterokinase cleavage site, the CysD domains were analyzed using both the gel electrophoresis under denaturing or native conditions and by analytical gel filtration. It was found that this CysD domain of MUC2 forms non-covalent dimers, probably by hydrophobic interactions. This suggests that the CysD domains may be involved in cross-linking of the mucus gel after secretion [24] . The different frequencies of, and thus the distances between, the CysD domains in MUC2, MUC5AC, and MUC5B would then give different densities of these crosslinks in the respective mucus gels. This may regulate the porosity and permeability of the mucus.
CysD domains from MUC5AC and MUC5B have previously been produced recombinantly in COS and CHO cells [25] . Using denaturing SDS gel electrophoresis, these CysD domains have been suggested to migrate as monomers under both reducing and non-reducing conditions, but some higher molecular mass aggregates were also observed. We expressed the MUC5AC CysD domains in CHO K1 cells as Ig Fc fusion proteins and removed the Ig Fc tail by enterokinase cleavage. When analyzed by gel filtration under native conditions, these CysD domains also formed pH-independent, non-covalent dimers just as the MUC2 CysD (unpublished data).
In COS cells, it was suggested that the MUC5AC and MUC5B CysD domains carry C-mannosylation at a WXXW motif, as the proteins were found to bind mannose-binding lectins [25] . The same proteins with pointmutations removing their motifs were retained in the ER, and it has been suggested that C-mannosylation was required for exit from the ER [25] . We could not find any C-mannosylation in the same motif in the recombinant MUC2 CysD that had been produced in CHO K1 cells Fig. 3 Western blot of CHO K1 transiently transfected with MUC2N-MG or MUC5ACN-MG. Proteins in the lysates and immunoprecipitated supernatants (with anti-myc) were separated in 4-12 % polyacrylamide gels, and the blot was stained with anti-GFP. MUC2N-MG can be detected in both lysate and supernatant, whereas MUC5ACN-MG can only be found in the lysate when analyzed by mass spectrometry [24] , even though C-mannose has been identified in other proteins from CHO K1 cells [26] . It seems therefore that MUC2 CysD is not C-mannosylated, at least not when produced as an Ig Fc fusion protein.
Conclusions
The gel-forming mucins are complex molecules with characteristic large heavily O-glycosylated mucin domains. Several cysteine-rich VWD domains flank the mucin domains and are involved in the formation of disulfidelinked oligomers. So far it has not been possible to produce recombinant full-length mucins. In contrast, both the O-glycosylated mucin domains and the different cysteinerich VWD and CysD domains have been produced separately in different cell lines. Using these proteins, the knowledge of both the glycosylation and the oligomerization of mucins has been increased considerably. The production of these recombinant proteins has, however, not always been easy, especially for those containing cysteine-rich VWD domains. This is mainly due to their large sizes and the many disulfide bonds, but also because it is not always clear where the domain boundaries are located. In some cases, as with the small CysD domains and also with the extracellular region of some transmembrane mucins, it has been helpful to make fusion proteins with an Ig Fc domain to facilitate the passage of the protein through the secretory pathway. In other cases, it has not been possible to produce a secreted protein despite many different approaches. Many different variants have often been investigated and many of these have led to proteins that never passed the ER exit control and were not secreted. Further investigations on the different domains of the gel-forming mucins is thus required, warranting more research into the area of complex, multimeric protein biosynthesis, folding, and assembly.
